A B S T R A C T To determine the extent to which the broad distribution in intracellular hemoglobin concentrations found in sickle erythrocytes affects the extent of intracellular polymerization of hemoglobin S, we have fractionated these cells by density using discontinuous Stractan gradients. The amount of polymer formed in the subpopulations was experimentally measured as a function of oxygen saturation using '3C nuclear magnetic resonance spectroscopy. The results for each subpopulation are in very good agreement with the theoretical predictions based on the current thermodynamic description for hemoglobin S gelation. We further demonstrate that the erythrocyte density profile for a single individual with sickle cell anemia can be used with the theory to predict the amount of polymer in unfractionated cells. We find that heterogeneity in intracellular hemoglobin concentration causes the critical oxygen saturation for formation of polymer to shift from 84 to >90%; polymer is formed predominantly in the dense cells at the very high oxygen saturation values. The existence of polymer at arterial oxygen saturation values has significance for understanding the pathophysiology of sickle cell anemia.
INTRODUCTION
The intracellular polymerization or gelation of hemoglobin (Hb)' S (a2026G'u-Val) upon deoxygenation is the primary pathogenetic event in sickle cell disease Received for publication 2 March 1983 and in revised form 6 May 1983 . 1 Abbreviations used in this paper: BSKG, buffered saline with potassium and glucose; Hb, hemoglobin; ISC, irreversibly sickled cells; MCHC, mean corpuscular hemoglobin concentration.
(1). A vast amount of information is available about the kinetics of polymerization of concentrated deoxyhemoglobin S solutions (2, 3) , including the role of protein nonideality in affecting the properties of these solutions (4, 5) . We developed nuclear magnetic resonance (NMR) methods for examining polymerization inside the erythrocyte and we detected significant amounts of polymer in whole sickle cell blood under physiological conditions (6, 7) . We also showed that the theory of protein nonideality explains these experimental results to a first approximation.
To do these analyses, we assumed explicitly that sickle erythrocytes were uniform in intracellular Hb composition and concentration (6) . In actuality these two properties have complex distributions in whole blood from sickle cell patients (8) (9) (10) (11) . It is possible to separate cells by density and measure the distribution of intracellular Hb concentration (12, 13) . This distribution, in particular the existence of very dense cells (including the "irreversibly sickled" or ISC fraction), has long been thought to be an important determinant of the severity of sickle cell disease. For this reason, it was important that we determine intracellular polymerization as a function of intracellular Hb concentration. In addition, recent progress in understanding the role of water nonideality in the polymerization process led to an improved thermodynamic formulation, which is in better agreement with the measured solubility of cell-free HbS solutions as a function of oxygen saturation (14) (15) (16) .
We report here on the NMR measurement of intracellular polymer as a function of oxygen saturation in "uniform" subpopulations of sickle erythrocytes separated on discontinuous Stractan gradients (12, 17) . We show that by using this new thermodynamic analysis and by explicitly considering the distribution of cell densities we can predict the behavior of polymer in unfractionated blood. Since intracellular polymer is likely to be the primary determinant of sickle erythrocyte rheology, these results are relevant to understanding the pathophysiology of, and possible therapeutic approaches to, sickle cell disease. (18) .
METHODS
For "3C NMR, SS erythrocytes suspended in Earle's balanced salt solution without bicarbonate and with 25 mM Hepes, pH 7.2, were equilibrated with gas mixtures of various oxygen content using a spinning cup tonometer (IL-237, Instrumentation Laboratory, Inc., Lexington, MA) as previously described (6) . Cells were anaerobically transferred into an 8-mm NMR tube containing the same gas mixture, cells packed, and supernatant removed anaerobically. A different sample of cells was used for each gas mixture. Final packed cell volume was 0.65 ml and the total oxygen saturation was determined with the MBA-Micro Blood Analyzer (Advanced Products SRL, Milan, Italy) (19) . Samples were stored on ice and the NMR measurements were completed within 18 h.
For each sample at the various oxygen saturations, natural abundance 13C NMR spectra were obtained at 370C using a Nicolet TT-14 spectrometer modified for experiments in solids as previously described (20) . Proton scalar decoupled spectra (standard 90°-t sequence) of the fully oxygenated sample and fully deoxygenated sample were used to determine the absolute amount of free Hb remaining after deoxygenation. The amount of polymer in samples at intermediate oxygen saturations was determined from the protonenhanced spectra for each sample. (Adamantane was used to determine the Hartman-Hahn condition for the protonenhanced spectra.) The 100% oxygen saturation proton-enhanced spectra were used as a base-line correction for the other proton-enhanced spectra. The time required for each spectrum was 20-40 min. Theoretical analysis. Following the approach of our previous studies, to calculate the amount of polymer formed at varying oxygen saturations we used the thermodynamic theory for gelation developed by Minton (based on the twostate model for gelation and the nonideal behavior of Hb at physiologic concentrations) (4) as modified by Gill et al. (15) to include the nonideal behavior of water. This is summarized by the equations of Sunshine et al. (16) . For i species of Hb in a gelled mixture, the activity coefficient y, of free hemoglobin in solution is related to the activity coefficient°' y of free Hb in a pure deoxyhemoglobin S gel by (1) where C, is the solubility of Hb in the mixture, C°is the solubility of pure deoxyhemoglobin S, xi is the solution mole fraction of species i, and ei is the relative tendency for species i to be incorporated into the polymer (e = 1 for pure deoxyhemoglobin S and e = 0 for HbF and the HbS/HbF hybrid (16, 21) (y,,C,/y'yC) = 1/:xjej, (2) has been expanded by Gill et al. (15) SS erythrocytes from four individuals with HbF levels varying from <2 to 6.3% were fractionated on Stractan gradients. Light fractions with a mean intracellular Hb concentration of 29. ,n dense fractions with intracellular Hb concentration of 41.7 g/dl (>28% Stractan) were chosen for measurement of the amount of intracellular polymer formed at different oxygen saturations using '3C NMR (Fig.  2) . (Cells from different individuals were not mixed.) At full deoxygenation the polymer fraction increased (from 0.6 to 0.8) as the intracellular Hb concentration varied from 29.5 to 42 g/dl. The polymer fraction decreased with increasing oxygen saturation for any given intracellular Hb concentration.
For comparison with these experimental results, amounts of polymer were also calculated using the modified thermodynamic description of gelation for solutions of HbS (see Theoretical analysis) at comparahle concentrations (Fig. 2) . The most striking feature of these calculations is that the theory predicts that for intracellular Hb concentrations <34 g/dl, no intracellular polymer should be detected above 84% oxygen saturation. However, for intracellular Hb concentrations at 42 g/dl or greater, polymer formation can occur even above 90% oxygen saturation.
Illustrated in Fig. 3 is an intracellular Hb concentration profile determined by a discontinuous Stractan gradient for an SS homozygous individual. The cells are distributed over a broad range (>20 g/dl) of intracellular Hb concentrations centering at 35 g/dl. The overall sample mean corpuscular hemoglobin concentration (MCHC) is 35.3 g/dl (with 6.5% HbF). ( with respect to the distribution in intracellular Hb concentration and is consistent with a bimodal distribution in cell density [see for example reference 22] .) The broad distribution in intracellular Hb concentration found in SS erythrocytes is in contrast with the distribution found in normal erythrocyte populations in which the majority of cells are within a range of 4 g/dl.
The intracellular polymer formation as a function of oxygen saturation was measured using '3C NMR on the sample used to generate the data shown in Fig. 3 . These results are illustrated in Fig. 4 (the line in FiGURE 4 Intracellular polymer fraction in a whole population of sickle erythrocytes vs. oxygen saturation. The MCHC profile in Fig. 3 and the thermodynamic theory (see text) was used to predict the fraction of intracellular Hb polymerized as a function of oxygen saturation (solid line).
The circles represent the actual 3 C NMR measurements of polymer fraction in the identical population of sickle erythrocytes described in Fig. 3. 4 is the calculated prediction using the cell density profile as described below). At complete deoxygenation, 0.67 of the total Hb is polymerized. As the oxygen saturation is increased, the amount of polymer decreases, similar to the results shown in Fig. 2 for SS erythrocytes with "uniform" MCHC. The amount of intracellular polymer goes to zero at high oxygen saturation, in the region between 90 and 95% oxygen saturation. Using the modified thermodynamic theory for HbS gelation, we have assumed a homogeneous cell population and calculated the polymer fraction f, using fp= CP(CT -CO)/[CO(CP -CO)], (4) with CT equal to the MCHC (Fig. 2) . We have also calculated the polymer fraction using the density profile shown in Fig. 3 and the equation (5) where fc, is the fraction of cells with intracellular Hb concentration C, (Fig. 4) . The sum is only over those cell fractions that contain polymer.
At complete deoxygenation, the theory predicts that 0.66 of the total Hb should be polymerized. The amount of polymer decreases with increasing saturation becoming zero at 0.87 for the uniform' MCHC approximation and 0.95 for the actual heterogeneous cell population. When all the cells contain polymer, the uniform MCHC approximation is adequate for the polymer concentration. For this situation (Zfc, = 1 and Zfc,Ci = CT), equation (5) reduces to equation (4) . The Hb solubility increases with increasing oxygen saturation. When the solubility exceeds the intracellular Hb concentration of the lightest cell fraction, the homogeneous approximation breaks down. In this region [(CT -CO) < 24fc(C, -C,)], the uniform MCHC approximation (Fig. 2, center panel) underestimates the calculated polymer fraction and we begin to see the effect of cell heterogeneity (Fig. 4) . The agreement between the measured polymer fraction and the theoretical prediction calculated using the heterogeneous intracellular Hb concentration profile is excellent.
DISCUSSION
The calculated amounts of intracellular HbS polymer, are in very good agreement with 'SC NMR measurements of polymer in sickle erythrocytes separated by discontinuous Stractan gradients with narrow ranges of intracellular Hb concentrations (Fig. 2) . Furthermore, by using the cell density profile from a single Intracellular Polymerization of Sickle Hemoglobin individual with sickle cell anemia (Fig. 3) , we calculated the predicted amount of polymer as a function of oxygen saturation and found that it closely matches the polymer fraction in the whole cell population as measured by '3C NMR (Fig. 4) .
The two-phase model used in the theoretical analysis considers the HbS gel as a solution phase of free Hb molecules in equilibrium with a polymer phase. In the presence of oxygen, the thermodynamic theory as developed by Minton includes two components, oxygen and HbS, which behaves nonideally at physiological concentrations (4). This theory, recently modified by Gill et al. (15) to include the nonideal behavior of the solvent or water, results in a thermodynamic description for cell-free solution, which is in excellent agreement with corresponding data on cell-free solutions, particularly at high oxygen saturations (15, 16) .
It is apparent from the theoretical calculations and experimental measurements that polymer formation in the heterogeneous whole population of the individual (MCHC = 35.7 gm/dl) shown in Fig. 3 , goes to zero at 94% oxygen saturation (Fig. 4) rather than the lower value (87%) that would be predicted assuming a uniform cell population. The latter would be similar to the results for the uniform cell population in the center panel of Fig. 2 . The difference between intracellular polymer formation in the whole cell population and intracellular polymer formation in a uniform cell population at the corresponding MCHC represents the contribution from cell heterogeneity.2
Although the amount of polymer is maximum at complete deoxygenation, significant amounts of polymer can be detected throughout much of the physiologically relevant oxygen saturation region, even at high oxygen saturations (>90%) in whole sickle erythrocyte populations (6) . In fact, it is this observation which led us to suggest that abnormal rheology may occur on the arterial as well as the venous side of the circulation (1). The detection of polymer at high oxygen saturations is particularly interesting in view of the fact that individuals with sickle cell anemia usually have arterial oxygen saturation levels <90% and as low as 70% (23), where very significant amounts of polymer can be detected.
It should be noted that data on the kinetics of HbS gelation at these intermediate oxygen saturation values are not yet available. Hence, with regards to pathophysiology of disease, the importance of the amount of polymer formed as measured by equilibrium techniques such as "3C NMR spectroscopy vs. the time required for intracellular polymer to form cannot be determined without further detailed investigation. However, it seems likely that many or most cells in a sickle cell patient always have some aggregated HbS. Under these circumstances long delays for polymerization due to nucleation processes may not be significant and increases and decreases in the amount of polymer may be relatively rapid compared with circulation times. For the purpose of this study we neglected variation in 2,3-diphosphoglycerate, pH, HbF, and other factors, which also contribute to the heterogeneous cell distribution. However, we expect these factors to contribute only a minor effect in predicting intracellular polymer formation.'
The agreement between the calculated theoretical amount of polymer and the experimentally measured amount of polymer using '3C NMR further demonstrates that membrane and other cellular constituents do not have a primary effect on the amount of polymer formed. These equilibrium studies complement the kinetic studies of Goldberg et al. (24) in which it was found that membranes did not significantly affect polymerization kinetics of HbS solutions beyond the effect due to excluded volume. Studying single cell kinetics, Coletta et al. (25) also concluded that gelation was not significantly altered by the erythrocyte membrane.
These thermodynamic analyses can be extended to other sickle syndromes. For example, the experimentally measured values of polymer formation in AS (sickle trait) erythrocytes, which we have previously reported (7), can now be explained on a theoretical basis (results not shown). In SC disease the thermodynamic theory would predict an enhanced intracellular polymerization of S in SC cells due to the increased proportion of S (as compared with AS cells) with the major effect due to the existence of a large number of cells with high intracellular Hb concentration (18, 26, 27) . Although the existence and importance of dense cells in SC, as well as SS, has been recognized for some time, it is only now that several separation techniques allow for a quantitative assessment of these cells (18, 22, 26 ).
The precise factors or parameters that determine cell density or intracellular Hb concentration are un- 3 The effect on polymer formation of the variations in Hb F concentration usually found in individuals with sickle cell disease is much smaller than that due to the variations in total Hb concentration. However, the uneven distribution of Hb F in SS erythrocytes may be responsible for the apparent overestimation of polymer calculated for the uniform dense cell population (Fig. 2, right panel) .
clear. Fabry et al. (22) demonstrated that deoxygenation of SS erythrocytes shifts the cell density profile to higher values. Furthermore, it is believed that repeated or prolonged sickling of SS erythrocytes (or more precisely repeated intracellular polymerization) induces loss of intracellular potassium and an increase in intracellular Hb concentration. The mechanism of this is not well understood. The presence of a large dense cell fraction per se does not a priori result in HbS-like polymer formation and a disease state, as demonstrated by the shift to higher densities in AC or CC cells, which are relatively benign phenotypes (18, 27) . The abnormally large fraction of dense cells associated with sickle cell anemia contains the majority of ISC (28) . However, not all dense cells have abnormal morphology. Understanding the detailed mechanism by which polymer formation results in a change in cell density is critical in determining factors controlling manifestation of disease. The rheological properties of normal and dense cells with varying amounts of HbS polymer needs further study. It should be noted that membrane alterations in ISC do not appear to significantly contribute to the abnormal rheology of these cells (10) whereas the nonaggregated Hb in very dense cells can further increase viscosity, as compared with Hb in cells at 34 g/dl (29) .
We have demonstrated elsewhere that there is a striking relationship between polymer formation and severity of disease in the various sickling syndromes (30) . Using Hb level as an index of the severity of hemolytic anemia, we obtained an excellent correlation between Hb level and polymer formation (both at 0 and 70% oxygen saturation) based on the average hematologic parameters for various populations with 12 different sickle syndromes. The amount of polymer formed was also used successfully to rank sickle syndromes into groups that increased in clinical severity with increasing polymer formation. These analyses were done without explicit consideration of cell heterogeneity. We believe that quantitative analysis of intracellular polymer formation may be a useful tool in predicting disease severity, particularly when more information is available about the distribution profile for intracellular Hb concentration in each of the various sickle syndromes.
The information obtained from these studies should be useful for the evaluation of therapy. We have recently used the Stractan gradients to study two sickle cell patients receiving 5-azacytidine to increase 'y-gene biosynthesis and HbF levels (31) . We found that the proportion of dense cells was markedly reduced by this treatment. The reduction in the proportion of dense cells should dramatically reduce polymer formation, particularly above 84% oxygen saturation. Using these techniques, the effects of various agents designed to reduce intracellular polymer formation-by increasing cell volume, increasing HbF, inhibiting intermolecular contacts, etc.-can be compared as potential therapies for sickle cell anemia.
